The bulk leakage current in a semiconductor detector is an important parameter that affects the noise level and energy resolution of the detector. For detectors operating with ohmic contacts, the bulk leakage current is determined by the bulk resistivity of the semiconductor material. However, CdZnTe detectors typically utilize Schottky barrier type contacts, in which case the bulk leakage current is expected to depend on the contact behavior and not on the bulk resistivity of the material. We have studied the bulk leakage current and noise of CdZnTe detectors made from materials supplied by different manufacturers of CdZnTe crystals. The results indicate that there is a marked difference in bulk leakage currents among materials from different manufacturers and among different samples from the same manufacturer. In some cases, the bulk leakage current shows no correlation with the bulk resistivity of the materials. In other cases, the bulk leakage currents tend to be lower for lower resistivity materials, which is opposite from the commonly held expectation based upon ohmic contact device behavior. In this paper we present a summary of our electrical measurements on CdZnTe devices and present results indicating a possible relationship between leakage and bulk material properties, but the specific material properties and the mechanism responsible for the leakage current variation have yet to be determined.
INTRODUCTION
Two of the most important performance measures of a gamma-ray spectrometer are efficiency and energy resolution. High efficiency is a typical application requirement and is achieved through the use of dense high-Z detector materials, large detector volumes, and detection techniques that provide a uniform response throughout the entire detector volume. Obtaining excellent energy resolution is also often paramount in a spectrometer and requires the careful analysis and minimization of each source of spectral broadening. For spectrometers made from large-volume CdZnTe detectors, the contributions to the energy resolution that currently dominate are broadening due to the intrinsic characteristics of the detector and electronic noise from the detector and amplifier. The intrinsic broadening results primarily from material, charge induction, and charge collection non-uniformities. These broadening mechanisms have been discussed elsewhere [1] [2] [3] [4] . The focus of this paper is on the electronic noise contribution and, in particular, the detector leakage current, its impact on electronic noise, and the dependence of this leakage on the electrical contacts and CdZnTe material properties.
Several mechanisms contribute to the leakage current of a detector including bulk charge carrier generation, injection into the bulk at the electrical contacts, and flow along the detector surfaces. Each type of leakage, however, does not contribute equally to the electronic noise of a CdZnTe detector. We have previously shown that despite the fact that surface current is often much larger than that passing through the bulk, the surface current is not a significant source of noise. The leakage-current-related noise is instead a result of shot noise due to the bulk current [5] . This can be the largest component of electronic noise in a CdZnTe detector. The bulk current can be affected by the electrical contacts of the detector. By definition, if ohmic-type contacts are used, the bulk leakage will be dictated by the bulk resistivity of the CdZnTe. For this situation a reduction in leakage (and consequently detector noise) requires the use of higher resistivity material. In contrast, the use of blocking contacts reduces the flow of current into the bulk and provides a means to achieve much lower leakages than possible with bulk-resistivity-limited current flow. The standard contact technology used on CdZnTe consists of a precious metal (typically Au or Pt) deposited onto a chemically etched or chemical-mechanical polished CdZnTe surface. As has been shown elsewhere [6, 7] and in this paper, such contacts (referred to as metal-semiconductor or Schottky contacts) typically act to block current flow at the large bias voltages commonly used in detectors. As a result, the bulk current is no longer determined by the bulk resistivity of the material. It is expected that with such contacts obtaining lower leakage currents requires the development of contact technologies and processing that produce greater barriers to charge carrier injection rather than changing the bulk CdZnTe material itself. However, we have observed that bulk leakages can vary widely between samples even though all samples were processed and tested identically. Repeat processing and testing of the same samples indicate that processing variations cannot account for the observed sample differences. This then implies that some bulk material property is playing a role in determining the leakage. Exploiting this dependence could allow detectors to be produced with much lower bulk leakages and, as a consequence, improved energy resolution. Furthermore, if the cause of this material dependence can be understood, it may be possible to tailor the production of CdZnTe crystals to yield low-leakage-current detectors consistently.
To better understand the physics of bulk leakage current in CdZnTe detectors, we have performed current-voltage and noise characterization measurements on a large number of devices fabricated using CdZnTe materials obtained from three different crystal suppliers. A guard-ring device structure was used in the measurements, which allowed the bulk leakage to be separated out from the surface leakage. The technical details of the experimental method are given in Section 2 of this paper. In Section 3, we demonstrate the importance of directly measuring the bulk leakage current and the dependence of noise on this leakage. In Section 4, we summarize our investigation into possible correlations between the bulk leakage current and bulk electronic material properties such as resistivity, electron mobility, electron lifetime, electron mobility-lifetime product, and electron carrier density. Finally, in Section 5, we end with a brief discussion on the significance of this study and future related work.
EXPERIMENTAL METHOD
The CdZnTe samples used in this study were obtained from three manufacturers: eV Products [8] , Yinnel Tech [9] , and Redlen Technologies [10] . The samples typically had a contact area of approximately 1 × 1 cm 2 and a thickness between 0.65 and 1.3 cm for the eV Products and Yinnel Tech samples and between 0.55 and 0.61 cm for the Redlen Technologies samples. All samples used in this study were evaluated using our standard set of CdZnTe characterization techniques [11] . The methods employed included visual inspection of the sample surfaces after lapping to detect any grain boundaries, transmission infrared microscopy through which pipes, precipitates, and inclusions are identified, and alpha particle response characterization of the sample after fabrication into a simple planar detector. All of the samples used in this study were specified by the manufacturer to be free from random grain boundaries and/or verified to be clear of such boundaries through the lapped surface inspection. The alpha response measurements provided electron and hole mobility and lifetime numbers that could then later be compared with the leakage current measurements in order to identify any possible correlation. After the basic material characterization, the CdZnTe samples were fabricated into guard-ring devices using the following process. The crystal surfaces were prepared by mechanically polishing with a water-based slurry of submicron alumina powder on a polishing pad followed by chemically etching in an approximately 2% bromine-methanol solution. Immediately following this etch, a full-area Au electrode was deposited onto one of the crystal surfaces through thermal evaporation. The subsequent formation of the guard-ringside electrodes was accomplished by thermally depositing Au through a shadow mask onto the surface opposing the full-area contact. Prior to the deposition, the surface was prepared by either a bromine-methanol etch (BM/Au process) or a chemical-mechanical polish (CMP/Au process). The guard-ring device geometry is schematically shown in Figure  1 and had a center contact with an area of 0.3 cm 2 and a guard-ring to center contact spacing of 0.05 cm.
Measurements of leakage current and noise were made on the CdZnTe guard-ring devices. For both types of measurements, the device to be tested was loaded into an ambient temperature and ambient pressure, light-tight chamber. The configuration for the leakage current measurements is given in Figure 1a . A bias voltage (V b ) was applied to the full-area contact using a Keithley 237 High Voltage Source Measure Unit, and the resulting guard-ring and center contact leakages (I gr and I c , respectively) were measured using Keithley 6485 and 6487 Picoammeters. The automated acquisition of current-voltage characteristics was accomplished through computer control of the bias supply and meters. The noise measurements were made with the configuration shown in Figure 1b . A low-noise chargesensitive preamplifier was connected to the center contact to make the measurements. The preamplifier was ac-coupled The noise level out of the selected amplifier was measured with a Boonton Electronics 93A True RMS Voltmeter. The gain of the signal processing chain at a particular peaking time was determined by injecting a known amount of charge into the preamplifier input and measuring the pulse height out of the shaping amplifier. Using this gain, the measured noise levels were converted to the equivalent noise charge (ENC) present at the preamplifier input. By determining ENC as a function of preamplifier peaking time, the complete noise characteristics for the devices were obtained.
BULK LEAKAGE CURRENT AND ELECTRONIC NOISE
When analyzing a device through leakage current measurements, it is important that bulk leakage be separated out from the surface leakage. This can be accomplished through the use of a guard-ring-type device structure. Example currentvoltage (I-V b ) data measured on a CdZnTe guard-ring device are shown in Figure 2 . Such a measurement provides clear information on the physics of the device operation. From the I-V b characteristics, we see that there is a large guard-ring leakage that is nearly linear with the applied bias voltage (Figure 2a ). This leakage is dominated by current flowing along the side surface of the device. However, as we have demonstrated in previous work, this surface current does not significantly contribute to the noise of a detector [5] . The current-related noise is instead primarily that associated with the bulk current of the device as characterized by the current from the center contact of the guard-ring device ( Figure  2b ). The center current is substantially less than that of the guard ring and is less than that expected at large bias voltages based on the bulk resistivity (ρ) of the CdZnTe (dashed line in Figure 2b ). At low bias voltages (V b < 1 V), the center current is limited by the bulk resisitivity and thereby provides a measure of this property (ρ = V b A / I c L, where A is the center contact area and L is the sample thickness) [12] . At these very low voltages, the contacts are behaving ohmically since they do not limit current flow. As the bias is increased, however, the electrical contacts become unable to supply the necessary charge carriers to support the current flow allowed by the bulk resistivity, and the contacts begin to limit the current. This is the point where the I c -V b characteristic changes slope. Consequently, we see that the barrier properties of the contacts are playing the primary role in setting the bulk leakage current at the high bias voltages at which a detector typically operates.
The bulk leakage current of a detector is a source of electronic noise and thereby impacts energy resolution. One method to determine the contribution that various noise sources such as leakage current have on the overall electronic noise of a device is to measure the noise as a function of the shaping amplifier peaking time (τ p ). The square of the noise is expected to depend on the peaking time in the following manner [13] [14] [15] :
where N s , N 1/f , and N p are the series, 1/f, and parallel noise proportionality constants. Each of the three terms on the right-hand side of this equation represents the contribution from a different physical mechanism. By fitting Equation 1 to the measured noise characteristic, the individual noise contributions can be obtained. The third term in this equation is the square of the parallel noise component and, for our devices, consists primarily of the shot noise associated with the bulk leakage current and the thermal (Johnson) noise associated with the resistance (R) in parallel with the preamplifier input. Assuming that I c produces full shot noise, N p is given by
where P is a constant that depends only on the shape of the shaping amplifier pulses [15] , e is the absolute value of the electron charge, k B is the Boltzmann constant, and T is temperature. From the above equations, we see that the parallel noise component will dominate at long peaking times, and that the square of this noise component will increase linearly with the bulk leakage current. As confirmation of this relationship between bulk leakage and the parallel noise of the CdZnTe devices, we have characterized a number of samples using current-voltage and noise-peaking time measurements. An example set of noise characteristics is shown in Figure 3 . Here the measured ENC 2 is plotted as a function of τ p for two eV Products guard-ring devices. Both devices were fabricated identically, had the same center contact area of 0.3 cm 2 , and were operated at the same V b /L = 1000 V/cm. Despite this, the leakage current of sample eV 1 is more than double that of eV 2. This difference cannot be attributed to device fabrication variation since refabrication of the contacts and re-measuring the leakage currents produced values within 15% of those listed in the figure. Furthermore, the measurement temperature was maintained at 22°C thereby eliminating temperature differences as a possible cause. There is clearly a substantial dependence of the leakage current on some property of the CdZnTe material. From Figure 3 we see that this difference in bulk leakage then translates to a difference in the device noise. Based on direct inspection of the plots as well as fits of Equation 1 to the noise characteristics, we determined that the series and 1/f components are similar for the two devices, whereas the parallel components (represented by the dotted lines in the figure) differ significantly. This is what is expected based on the shot noise associated with the different I c This set of data then demonstrates the importance of the bulk leakage in setting the electronic noise level of a CdZnTe detector and that this bulk leakage is sample dependent even though a standard blocking-type contact is used. This sample dependence will be discussed further in the next section.
Another interesting feature of the parallel noise from the CdZnTe devices is evident when the data is compared to that predicted by Equation 2. To make this comparison, the value of P in the equation is determined as described elsewhere [15] . For our measurement setup, P is calculated to be 0.74. This value can be checked by computing N p for I c = 0 and then comparing this to the N p extracted from a fit of Equation 1 to the no detector data of Figure 3 . The calculated and fitted values are 235 and 252 e rms 2 /µs, respectively. These numbers are in good agreement with each other and provide confidence in the value of P. With P known, the expected value of N p can be determined as a function of I c and is shown in Figure 4 as a dashed line. The slope of the line fitted to the measured data (solid line) is only approximately one-half that predicted. In this analysis, we assumed in Equation 2 that I c contributes full shot noise. As has been shown and discussed elsewhere [5] , this would not be true for materials with significant Coulomb interaction between charge carriers or significant charge carrier trapping. Either or both of these mechanisms could be playing a role in the CdZnTe devices and would act to reduce the shot noise. The shot noise reduction from such mechanisms is dependent on the bulk material properties and would vary between samples. This could in part explain the scatter observed in the data points of Figure 4. 
BULK LEAKAGE CURRENT DEPENDENCE ON MATERIAL PROPERTIES
As shown in the previous section, the bulk leakage current density (J c ≡ I c /A) from CdZnTe devices notably varies from sample to sample. For devices with ohmic contacts, this would be expected if the bulk resistivity of the samples differed since the resistivity dictates the current density when V b /L is fixed. The devices used in our study, however, utilize blocking contacts, and the relationship between leakage and bulk material properties in this case is less clear. To gain further information on this dependence and to identify any correlation to specific material properties, we measured the electronic properties of a large number of CdZnTe samples obtained from three manufacturers. The measurements made included bulk leakage current density, bulk resistivity, electron mobility (µ e ), and electron lifetime (τ e ). A summary of the data is given in Figure 5 . In this figure the bulk current density obtained from guard-ring devices is plotted against µ e , τ e , and ρ obtained from the low-voltage I c -V b characteristic. Several interesting observations can be made from Figure 5 : (1) Not only is there a considerable sample-to-sample variation in J c for samples from each manufacturer but also differences between the sets of samples from the manufacturers. For example, samples from eV Products exhibited a wider spread in J c . However, despite the differences in spread and average values, at least one sample from each manufacturer achieved a low J c value of ~ 1nA/cm 2 .
(2) From the J c versus ρ plots, we see that all 37 samples exhibited non-ohmic behavior except for perhaps two of the samples from eV Products. The data points for these samples are the two whose values do not fall within the current density range of the plots. These data point pairs representing measurements made on one sample are enclosed in ellipses in the J c versus ρ plot. These data confirm that the overall variation in J c between samples cannot simply be attributed to the run-torun variation in the contact fabrication since the two J c values measured on the same sample for two different contact processes are in general quite close to each other. Remaking the device using the same contact process produces even smaller J c differences (within 15%). We do however see that there is some impact from the contact process since six of the seven samples had a lower J c with the BM/Au contact.
(4) Though not striking, some correlation possibly exists between J c and ρ (or the electron carrier concentration 1/(eµ e ρ), which is not shown in Figure 5 ) for the eV Products and Redlen Technologies sample sets. The current density appears to increase with ρ. Note that this is opposite to the dependence that would be expected for ohmic devices. Further support of this correlation is an eV Products sample that we characterized, annealed at 250°C, refabricated, and then characterized for a second time. The data from this sequence are the points connected by the arrow in the J c versus ρ plot. The anneal reduced ρ and, following the apparent correlation, J c decreased.
Another material property that possibly could affect J c is crystal orientation. The samples from eV Products and Yinnel Tech were all un-oriented and perhaps orientation differences between samples could lead to some variation in J c . However, all but one of the Redlen Technologies samples were oriented, thereby eliminating orientation as a possible explanation for the sample dependent behavior of J c . All devices were of a guard-ring geometry and were fabricated with Au contacts. The bulk resistivity of each sample was extracted from the low-voltage I c -V b characteristic. Some of the eV Products samples were characterized twice: once with the guard-ring side fabricated using the BM/Au process and a second time with the contact produced using the CMP/Au process. Each pair of such data points corresponding to a single sample is enclosed in an ellipse on the J c versus ρ plot.
DISCUSSION
In this paper we have stressed the importance of separating bulk from surface leakage in device studies on highresistivity CdZnTe. Leakage-current-related noise in CdZnTe detectors is predominantly the result of the bulk leakage current. Minimizing this contribution to the energy resolution requires an understanding of the physics that governs the bulk current flow and then developing contact technologies and materials specifically to reduce this current. Studies based on simple planar detectors where surface and bulk contributions are not separately measured can lead to erroneous conclusions. This is because standard fabrication processes often produce surface leakages that dominate the overall leakage of a planar device. Such studies can misidentify the fundamental physics of bulk current flow in the device. For example, the surface leakage is not only often dominant, but it is also often linear with the applied voltage. This then leads one to incorrectly conclude that the device is operating with ohmic contacts and that a reduction in the leakage would require increasing the bulk resistivity of the material. Furthermore, predicting performance improvement with simple planar devices is problematic. Fabrication processes such as anneals, surface oxidation, and alternativechemistry etches often produce lower surface leakages than the standard Br-methanol etched surfaces. Since only the total leakage (surface plus bulk) is measured in a simple planar device, this may lead one to incorrectly conclude that the leakage-current-related noise will be reduced. However, this will only be true if the bulk contribution is reduced.
The above discussion is not meant to imply that surfaces are not important to the spectroscopic performance of CdZnTe detectors. We have previously shown that 1/f noise is affected by the chemical treatment of the surfaces between electrical contacts [6] . In addition, the electrical properties of surfaces influence charge collection [4, 16] . Surface conduction and trapped surface charge can modify the trajectories of the charge carriers which in turn impact device uniformity and, as a result, spectroscopic performance.
In this paper we have shown that the standard contact technology used in CdZnTe-based gamma-ray detectors is blocking in nature, yet the bulk leakage at typical detector operating voltages is dependent on both the nature of the contact and the bulk properties of the material. The exact physics behind the material dependence is not clear at this time, but it is likely to be related to the electrical behavior of defects in the deep-level compensated CdZnTe. One possibility is that a near-contact electric field enhancement exists as a result of the ionization of the deep levels. This field enhancement would affect the charge carrier injection at the contact thereby impacting bulk leakage. The magnitude of the effect would be different depending on the energy levels and concentrations of defects in the material, which would explain the observed bulk current variations between samples. We are currently modeling the charge transport in CdZnTe devices in order to investigate such possibilities. Regardless of the specific physical mechanism governing the leakage current, our results indicate that to achieve much lower bulk leakage currents in CdZnTe detectors a combination of material development as well as contact development may be required.
